Introduction
============

Within the World Health Organization (WHO) group classification of pulmonary hypertension (PH), Group 1---pulmonary arterial hypertension (PAH)---is subclassified as idiopathic (IPAH), heritable (HPAH), or drug- and toxin-induced, or as being associated with other conditions such as connective tissue disease, human immunodeficiency virus infection, portal hypertension, congenital heart disease (CHD), or schistosomiasis.[@suz221-B1] Current European Society of Cardiology (ESC)/European Respiratory Society (ERS) guidelines provide a treatment algorithm for PAH, as well as recommendations for the diagnosis and treatment of PAH in different patient subgroups.[@suz221-B1]

There is a relative lack of information on some PAH subgroups, and these include PAH associated with portal hypertension \[portopulmonary hypertension (PoPH)\] and PAH associated with CHD (PAH-CHD). These patients are typically under-represented in, or excluded from, clinical studies and have only been the focus of a small number of dedicated clinical trials.[@suz221-B2] The limited amount of prospective trial data means that treatment strategies are often based on the experience of clinical experts or on findings from retrospective analyses.[@suz221-B1]^,^[@suz221-B5]

Portopulmonary hypertension and PAH-CHD each present a unique set of challenges to treating physicians, but both require multidisciplinary management. Resolution of PoPH can be achieved with a combination of PAH-specific therapies and liver transplantation, and, in PAH-CHD, appropriate correction of the cardiac defect can prevent development of PAH, but both of these strategies are only possible in select patients.[@suz221-B1]^,^[@suz221-B6]^,^[@suz221-B7] A multidisciplinary strategy that tackles the development of PAH and the progression of either liver or heart disease is therefore crucial for effective management. Here, we review the challenges clinicians face in identifying and managing adult patients with PoPH or with PAH-CHD.

Portopulmonary hypertension
===========================

Typically, PoPH is defined as PAH associated with portal hypertension (hepatic venous pressure gradient \>5 mmHg or indirect signs of portal hypertension) and is most commonly (but not exclusively) found in patients with cirrhotic liver disease.[@suz221-B1]^,^[@suz221-B8] The proportion of patients with PoPH within Group 1 PH is in the range 6--18%[@suz221-B9] but may be higher than this, as the disease is reportedly underdiagnosed.[@suz221-B13] Treatment guidance for PoPH in the ESC/ERS treatment algorithm recommends following the algorithm used for patients with other forms of PAH, while taking into account the severity of concomitant liver disease.[@suz221-B1] In addition, there is less evidence for the effectiveness of PAH-specific therapies in PoPH than in other PAH subgroups, because patients with liver disease are often excluded from PAH clinical trials. Thus, screening, timely diagnosis, and referral of these patients are critical. It is also recommended that patients with PoPH are managed in centres with expertise in both PH and liver disease.[@suz221-B1]

Screening
---------

Screening for PoPH among at-risk populations with PAH is important because up to 60% of patients are asymptomatic for PoPH at the time of diagnosis,[@suz221-B14] and early initiation of PAH-specific therapy can improve haemodynamics[@suz221-B15] and facilitate subsequent liver transplantation (LT).[@suz221-B16] It is particularly important that all candidates for LT or transjugular intrahepatic portosystemic shunt are screened for PH to reduce mortality risk.[@suz221-B1] Transthoracic echocardiography (TTE) remains the best tool for screening for PH in patients with chronic liver disease. Peak tricuspid regurgitation velocity measurements associated with low, intermediate, and high risk of PH are described in the guidelines, together with echocardiographic signs of PH in the pulmonary artery, the ventricles and the inferior vena cava and right atrium.[@suz221-B1] Among patients symptomatic for and with intermediate or high probability of PAH based on TTE, the diagnosis of PAH should be confirmed by right-heart catheterization at an expert PH centre.[@suz221-B1]

Patients with confirmed PoPH, including those not listed for LT, should undergo TTE-based screening for hypoxaemia. This can help identify associated hepatopulmonary syndrome and intracardiac shunts, such as patent foramen ovale (PFO).[@suz221-B17] Retrospective study data suggest that the presence of PFO does not have a negative effect on short-term perioperative LT outcomes[@suz221-B18] and is not considered a contraindication to LT.[@suz221-B17] The utility of PFO closure in patients with PH is debated and is generally not indicated based on safety concerns.[@suz221-B19]

Prognosis
---------

Analysis of the US-based REVEAL Registry that included data from 174 patients with PoPH enrolled between 2006 and 2009 demonstrated that these patients had significantly reduced survival at 5 years from diagnosis compared with patients with IPAH or HPAH (40% vs. 64%; *P* \< 0.001).[@suz221-B7] Similarly, fewer than half of PoPH patients (49%) were free from all-cause hospitalization after 2 years, compared with 59% of patients with IPAH or HPAH (*P* = 0.019).[@suz221-B7] Consistent with these findings, a UK registry study of 110 treatment-naïve patients diagnosed with PoPH between 2001 and 2010 revealed a 5-year survival rate of 35%.[@suz221-B20]

Approximately 82--88% of cases of PoPH are thought to be caused by underlying liver cirrhosis[@suz221-B11]^,^[@suz221-B12]^,^[@suz221-B20]; other cases are typically attributable to extrahepatic portal hypertension. Some evidence exists to suggest that survival in PoPH is related to the severity of cirrhosis, based on Child--Pugh category. Analysis of the UK registry showed a trend towards increased mortality among those with PoPH in Child--Pugh Category C (*n* = 10); hazard ratio (HR) 2.116 (*P* = 0.055), compared with 0.716 (*P* = 0.248) for those in Child--Pugh Category A (*n* = 45).[@suz221-B20] However, the analysis could not conclude that severity of cirrhosis was predictive of mortality, and it also found no significant difference in survival between cirrhotic and non-cirrhotic causes of portal hypertension.[@suz221-B20] In contrast, an analysis of 154 cirrhotic and non-cirrhotic patients with PoPH referred to the French Referral Center for PAH between 1984 and 2004 did find that cirrhosis and its severity by Child--Pugh category were predictive of mortality.[@suz221-B12] Multivariate analysis determined mortality HR to be 0.2 among patients with no cirrhosis (*P* = 0.003), 2.05 among those in Child-Pugh Category B (*P* = 0.007), and 2.42 for those in Child--Pugh Category C (*P* = 0.008). Survival in Categories A, B, and C, respectively, was: 97%, 76%, and 73% at 1 year; 79%, 59%, and 73% at 3 years; and 71%, 55%, and 58% at 5 years.[@suz221-B12]

Management
----------

Patients with PoPH are treated with pharmacological therapy. LT may be indicated in patients with PoPH and liver disease, and PAH-specific therapy can help to stabilize some patients before LT.[@suz221-B1]

Pharmacological therapy
-----------------------

Goals of pharmacological therapy in PoPH are to improve haemodynamics to a level that improves exercise tolerance and quality of life, and, where indicated, to enable LT.[@suz221-B21] The 2015 ESC/ERS Guidelines recommend that the treatment algorithm for patients with other forms of PAH is applied to patients with PoPH, taking into account the severity of liver disease.[@suz221-B1] Treatment strategy and possible subsequent escalation are based on a multi-parameter assessment of risk.[@suz221-B22] Clinical, exercise, right ventricular function, haemodynamic parameters, and biomarkers are used to define low, intermediate, or high risk of mortality at 1 year.[@suz221-B22] When choosing first-line therapy for PoPH, physicians must consider the severity of PAH and whether there is an indication for LT on the basis of hepatic disease. The treatment algorithm recommends either initial monotherapy or combination therapy for patients with WHO functional class (FC) II--III, and initial combination therapy including intravenous prostacyclin analogues for patients in WHO FC IV.[@suz221-B1]

The first trial of a PAH-specific therapy has recently been conducted in PoPH.[@suz221-B4] Clinical trials of most PAH-specific therapies that have excluded patients with PoPH owing to potential risks associated with administering investigational agents to individuals with liver complications.[@suz221-B23] In PORTICO, 85 patients were randomized to macitentan or placebo for 12 weeks, followed by a 12-week open-label period during which all patients received macitentan.[@suz221-B4] For the primary endpoint, compared with placebo, there was a 35% reduction in pulmonary vascular resistance (PVR) from baseline to week 12 with macitentan, and significant improvements were demonstrated in secondary endpoints of mean pulmonary arterial pressure (mPAP), cardiac index, and total pulmonary resistance.[@suz221-B4] No worsening of liver function or portal hypertension was observed with macitentan.[@suz221-B4] In fact, the hepatic safety profile of macitentan in patients with PoPH was similar to that observed in other PAH populations.[@suz221-B24] In the Phase III, placebo-controlled PATENT trial of riociguat (*n* = 443), positive outcomes were noted in a subgroup of 13 patients with PoPH.[@suz221-B25] However, the small sample size prevented any conclusions from being drawn about the efficacy and safety of riociguat in PoPH.[@suz221-B26]

Prospective and retrospective analyses have been undertaken of therapies approved in PAH. Such therapies include phosphodiesterase type 5 (PDE-5) inhibitors, endothelin receptor antagonists (ERAs), and prostaglandin I~2~ (PGI~2~; prostacyclin) analogues. Improvements in haemodynamics have been shown in patients with PoPH receiving PDE-5 inhibitors, intravenous epoprostenol, inhaled iloprost, ambrisentan, and bosentan (*Table [1](#suz221-T1){ref-type="table"}*).[@suz221-B11]^,^[@suz221-B27] Real-world data from 209 patients with PoPH from a French centre showed that, between 2007 and 2017, 44% of patients initiated treatment with PDE-5 inhibitor monotherapy, 16% with ERA monotherapy, 19% with dual oral-combination therapy, and 3% with a PGI~2~ analogue.[@suz221-B31]

###### 

Studies of endothelin receptor antagonists, phosphodiesterase-5 inhibitors, and prostaglandin I~2~ analogues in patients with portopulmonary hypertension

  Drug                                                                                                               Study type, recruitment                      Duration                                                          *N*   Age (years)    mPAP (mmHg)                                                 PVR (dynes/s/cm^5^)
  ------------------------------------------------------------------------------------------------------------------ -------------------------------------------- ----------------------------------------------------------------- ----- -------------- ----------------------------------------------------------- -------------------------------------------------------------
  Ambrisentan ≤10 mg/day[@suz221-B27]                                                                                Prospective, consecutive                     2 years; median 390 days on treatment                             13    Median, 57     BL: 58 EoS: 41                                              BL: 445 EoS: 174
  Bosentan 62.5 mg b.i.d. (4 weeks), 125 mg b.i.d thereafter[@suz221-B11]                                            Retrospective, consecutive                   Mean, 5 months[^a^](#tblfn2){ref-type="table-fn"}                 34    Mean, 50       BL: 50 EoS: 43                                              BL: 8.7 WU EoS: 5.7 WU Equivalent to BL: 696 EoS: 456
  Epoprostenol i.v., 4--10 ng/kg/min[@suz221-B28]                                                                    Prospective, consecutive                     Single dose over 60 min[^a^](#tblfn2){ref-type="table-fn"}        15    Mean, 50       BL: 50 60 min: 41                                           BL: 525 60 min: 359
  Iloprost (inhaled), 2.8 μg[@suz221-B29]                                                                            Prospective, consecutive                     Acute dose, 60 min follow-up[^a^](#tblfn2){ref-type="table-fn"}   22    Mean, 47       BL: 49 15 min: 42[^b^](#tblfn3){ref-type="table-fn"}        BL: 564 15 min: 471[^b^](#tblfn3){ref-type="table-fn"}
  PDE-5 inhibitor therapy (sildenafil 20 mg t.i.d., sildenafil 25 mg t.i.d., or tadalafil 40 mg q.d.)[@suz221-B30]   Retrospective analysis of hospital records   No minimum duration of treatment or dose                          20    Not reported   BL: 47.5 6 months of post-PDE-5 inhibitor treatment: 38.6   BL: 683.3 6 months of post-PDE-5 inhibitor treatment: 447.2

b.i.d., twice daily; BL, baseline; ERA, endothelin receptor antagonist; i.v., intravenous; mPAP, mean pulmonary arterial pressure; PDE-5, phosphodiesterase-5; PGI~2~, prostaglandin I~2~; PVR, pulmonary vascular resistance; q.d., once daily; t.i.d., three times daily.

These studies also investigated longer-term, continuous dosing.

Maximum effect at 15 min post-dose, with subsequent values returning towards the mean.

Analysis of liver function in the studies summarized in *Table [1](#suz221-T1){ref-type="table"}* revealed no change from baseline in levels of alanine and aspartate aminotransferases with the ERA ambrisentan,[@suz221-B27] but elevated levels of liver enzymes were observed in a small number of patients during long-term use of bosentan.[@suz221-B11] Laboratory values and liver enzyme levels were stable during a 1-year follow-up of daily inhaled iloprost,[@suz221-B29] and long-term use of epoprostenol was not associated with notable toxicity issues but patients experienced some side effects, including facial flushing, jaw pain, lower leg pain, and diarrhoea.[@suz221-B28] In the study of patients receiving PDE-5 inhibitors, tests of liver function and enzymes were not conducted, but all PDE-5 inhibitors were well-tolerated and no hepatic adverse events were reported.[@suz221-B30]

In addition to PAH-specific medications, supportive therapies such as administration of diuretics and oxygen, and supervised exercise rehabilitation play an important role in PoPH management. Beta-blockers are generally not recommended in PAH and should be avoided in PoPH owing to their potentially deleterious effect on exercise capacity and haemodynamics.[@suz221-B32] Oral anticoagulants are neither indicated in, nor recommended for, PoPH,[@suz221-B1] but patients taking oral anticoagulants for concomitant conditions can continue treatment after PoPH diagnosis and therapy initiation, unless precluded by known or suspected drug--drug interactions.

Treatment of co-existing hepatitis must also be considered when managing PoPH. Interferon therapy is a possible risk factor for inducing PAH,[@suz221-B33]^,^[@suz221-B34] and case reports have suggested an association between the use of sofosbuvir for hepatitis C and the induction or exacerbation of PAH in patients with existing PAH-associated comorbidities, including portal hypertension.[@suz221-B35] Ongoing development of new antiviral agents may yield effective hepatitis therapies that do not exacerbate PAH.

Transplantation
---------------

Currently, adult patients with PoPH in whom PAH is controlled and whose liver-disease status meets transplantation criteria may be eligible for LT. As well as addressing the liver disease, LT offers the possibility of curing PoPH, although outcomes are difficult to predict.[@suz221-B6]^,^[@suz221-B7] Recent data support the use of PAH-specific therapy to stabilize patients with PoPH in anticipation of LT,[@suz221-B16] and, given the potentially beneficial long-term outcomes with PAH-specific therapy, it is possible that these drugs could eventually broaden the indications for LT.[@suz221-B36]

Assessment of patients for LT should be based on haemodynamic severity and comorbidities.[@suz221-B36] Transplantation is contraindicated when mPAP is persistently \>50 mmHg despite PAH-specific treatment,[@suz221-B36] and LT is contraindicated in patients with severe PoPH.[@suz221-B13] Before LT is undertaken, International Liver Transplantation Society practice guidelines recommend that PAH-specific therapy should be administered to patients with mPAP \>35 mmHg to decrease mPAP and PVR, and to improve right ventricular function.[@suz221-B37] Optimal haemodynamic values that could permit LT are not clearly established, but the risk of LT may be acceptable if mPAP is \<35 mmHg or is in the range 35 to \<50 mmHg with good right ventricular function and PVR \<3--4 Wood units (WU).[@suz221-B36] In a prospective study of 49 patients with PoPH,[@suz221-B16] a high proportion attained these haemodynamic criteria. In this study, 39 patients with PoPH received PAH-specific therapy as a bridge to LT. There were significant improvements in mPAP, cardiac output, cardiac index, and PVR after 5 months of therapy in 34 patients re-assessed before LT, 70% (*n* = 24) of whom met the haemodynamic criteria for transplantation.[@suz221-B16] At baseline, only two patients had either an mPAP \<35 mmHg or an mPAP in the range 35 to \<50 mmHg with PVR \<3 WU. Overall survival following LT was 80% at 6 months, 77% at 1 year, and 77% at 3 years.[@suz221-B16]

When patients attain haemodynamic criteria suitable for LT, waiting-list time can be decreased by implementing Model for End-stage Liver Disease (MELD) exception rules.[@suz221-B13]^,^[@suz221-B16] In the USA, a MELD exception rule has been implemented that ranks patients with PoPH higher on the transplant waiting list than their MELD score would usually allow.[@suz221-B38] In the prospective study described above, six patients who underwent LT received MELD exception points.[@suz221-B16]

On the day of LT, haemodynamic measurements should be taken before surgery commences. If mPAP is \>50 mm Hg or PVR \>4 WU, LT should be cancelled and further PAH-specific therapy considered.[@suz221-B36] Haemodynamic monitoring is essential during surgery to check for large variations in pressure and cardiac output, and if right ventricular failure occurs, right ventricular afterload can be decreased with inhaled nitric oxide combined with catecholamines as necessary.[@suz221-B36] Extracorporeal life support may be considered in the event of refractory right ventricular failure, but the effectiveness of this is ill-defined.[@suz221-B39] During the 6-month post-operative period, PAH should be monitored closely for worsening, and additional PAH-specific therapy prescribed if needed. The likelihood of PoPH improvement or even cure is good among patients surviving beyond this period.[@suz221-B36]

Pulmonary arterial hypertension associated with congenital heart disease
========================================================================

The prevalence of PAH in the general population is estimated to be 10--52 cases per million.[@suz221-B40] Approximately 10% of PAH patients are estimated to have PAH-CHD,[@suz221-B9]^,^[@suz221-B10] and 3% of patients included in a large CHD registry had PAH-CHD.[@suz221-B41] Patients with PAH-CHD can be classified into one of four subgroups, as summarized in the latest ESC/ERS guidelines[@suz221-B1] (*Figure [1](#suz221-F1){ref-type="fig"}*). The relative prevalence of each subgroup is unclear, but estimates based on single-centre analyses show that Eisenmenger syndrome is the most common (Group A; 38--58%), followed by PAH-associated systemic-to-pulmonary shunts (Group B; 11--25%), PAH after defect correction (Group D; 15--47%), and PAH with small/coincidental defects (Group C; 4--5%).[@suz221-B41]^,^[@suz221-B43]^,^[@suz221-B44]

![Clinical subgroups of pulmonary arterial hypertension associated with congenital heart disease.[@suz221-B1]^,^[@suz221-B42]^a^With surgery or intravascular percutaneous procedure. ^b^The size applies to adult patients. However, in adults, the diameter may be insufficient to define the haemodynamic relevance of the defect; the pressure gradient, the shunt size and direction, and the pulmonary-to-systemic flow ratio should be considered. CHD, congenital heart disease; PAH, pulmonary arterial hypertension; PVR, pulmonary vascular resistance; VSD, ventricular septal defect. Reproduced from Gatzoulis *et al.*[@suz221-B42] with permission from Elsevier.](suz221f1){#suz221-F1}

Screening
---------

Initially, patients with some types of CHD may be asymptomatic for PAH, so screening for PAH-CHD, which can develop late in life, is crucial.[@suz221-B45] Among patients with CHD, PAH is present by definition in patients with Eisenmenger syndrome (Group A) and in patients with small/coincidental defects (Group C). Thus PAH screening in the CHD population can be applied to patients with prevalent systemic-to-pulmonary shunts and in patients in whom shunts or other cardiac defects have been repaired.[@suz221-B45]

Echocardiography represents the most valuable and convenient screening tool routinely used to assess the probability of PH diagnosis by predicting pulmonary arterial systolic pressure (PASP) values and describing ventricular morphology and function. In PAH-CHD, echocardiography-based screening as a precursor to diagnosis can be more complex, since the presence of shunts alters haemodynamic parameters. For example, in patients with a systemic-to-pulmonary shunt, increased PASP may be associated with normal PVR and elevated pulmonary (Qp):systemic blood flow (Qs) ratio. In addition, patients with elevated right ventricular systolic pressure may have normal PASP in the presence of right ventricular outflow tract obstruction or congenital pulmonary artery stenosis. In patients with additional conditions such as thoracic abnormalities or comorbidities (e.g. chronic obstructive pulmonary disease or left heart disease), the non-invasive estimation of PAP by TTE is associated with a significant risk of overestimating PAH prevalence. Thus, if a patient with CHD develops echocardiographic signs of PH, additional investigations including cardiac magnetic resonance imaging and right-heart catheterization are required to confirm PAH diagnosis and determine the optimal treatment strategy.

In patients with systemic-to-pulmonary shunts, PAH (Group B) may develop because of persistent and substantial volume and/or pressure pulmonary vascular overload, leading to pulmonary vascular disease (PVD) and potentially evolving to Eisenmenger syndrome.[@suz221-B42] Thus, timely correction of the cardiac shunt can prevent the development of PAH due to irreversible PVD (Group A). In patients with corrected CHD, PAH (Group D) develops when irreversible PVD is already present at the time of correction, and/or if PVD progresses over time despite the closure of the cardiac shunt (*Figure [2](#suz221-F2){ref-type="fig"}*); Group D PAH-CHD is characterized by worse prognosis when compared with Group B. Thus, screening should be focused on the correct identification of patients with systemic-to-pulmonary shunts who will benefit from closure and the exclusion of those who may develop PAH after defect correction (Group D).

![Evolution of pulmonary arterial hypertension associated with congenital heart disease subgroup B.[@suz221-B42] CHD, congenital heart disease; PAH, pulmonary arterial hypertension; PVD, pulmonary vascular disease; V/P, volume/pressure; VSD, ventricular septal defect. Reproduced from Gatzoulis *et al.*[@suz221-B42] with permission from Elsevier.](suz221f2){#suz221-F2}

PAH after defect correction is not easily predictable since it can occur when the repair was performed in a timely manner and when short-term outcomes were positive. The following characteristics (assessed at time of correction) are associated with risk to develop PAH after defect corrections and should be taken into account when considering operability: size and type of defect; patient age at correction; extracardiac abnormalities; and PVR at time of repair. Patients presenting with combinations of these features need individualized evaluation for possible development of PAH.

Since post-operative PAH can persist or develop in the weeks, months or years after defect repair, both short-term (3--6 months) and long-term regular monitoring for development of PAH is important.[@suz221-B1]^,^[@suz221-B45] Postoperative monitoring should also account for patient characteristics at the time of defect correction, including age, type, and size of defect, and comorbidities, and for clinical and echocardiographic findings during follow-up. If suspected, diagnosis of PAH should be confirmed with right-heart catheterization.[@suz221-B45]

Prognosis
---------

Overall, patients with PAH-CHD have a higher survival rate than patients with IPAH; one study reported 5-year survival rates of 91% for PAH-CHD compared with 63% for IPAH.[@suz221-B43] However, it is important to note that survival rates in PAH-CHD vary by subgroup. Available data are somewhat limited except for Eisenmenger syndrome (Group A). Group A patients have the most advanced form of PAH, with the most severe exercise intolerance, but also have the best survival rates, which are matched only by patients in Group B.[@suz221-B1] Group A survival rates up to 5 years are \>90%,[@suz221-B43]^,^[@suz221-B46] and were estimated at 89% after 10 years, and at 87% after 20 years.[@suz221-B43] Survival estimates in Group B are \>90% at up to 10 years, and at 86% after 20 years.[@suz221-B43] Explanations for the apparently contradictory observation that survival is best in patients with the most advanced disease (Group A) include the possible presence of a cardiac defect that allows a pulmonary-to-systemic shunt, which may maintain adequate systemic flow and pressure.[@suz221-B43] In addition, these patients may have enhanced right ventricular function owing to early development of PAH, which is responsible for maintenance of the foetal type of right ventricular hypertrophy.[@suz221-B43]^,^[@suz221-B47]

In patients with small/coincidental defects and severe PAH, the shunts are considered too small to be producing high pulmonary blood flow and to be causing deleterious effects on the pulmonary vasculature, so development of PAH is not generally attributable to such defects.[@suz221-B1] Thus, these patients are considered to have IPAH and are treated as such.[@suz221-B43] Data regarding prognosis in Group C are limited owing to low prevalence, but, in one study (*n* = 10), the survival rate was 88% at 5 years and at 10 years, and reduced to 66% at 20 years.[@suz221-B43]

Patients who develop PAH after defect correction have significantly worse survival rates than those in Groups A and B, and it would be useful in future to compare outcomes between patients who do or do not undergo defect closure (Group D vs. Group B). Among 44 patients in Group D, the first right-heart catheterization diagnostic for PAH was at a median of 17 years after defect correction; survival rate at 5 years was 83%, reducing to 65% at 10 years and 36% at 20 years.[@suz221-B43] The reasons for poorer prognosis in Group D than in other groups are unclear but could be attributable to the lack of a possible pulmonary-to-systemic shunt in the case of elevated PVR, or could be owing to impaired right ventricle adaptation to an after-load that increases after the first months or years of life.[@suz221-B43]

Management
----------

All patients with PAH-CHD should be managed at a PH centre. Patient education, behavioural modifications, and awareness of medical risk factors are all important aspects of management. The optimal care regimen requires a multidisciplinary team approach, which includes the collaboration of cardiologists and pulmonologists. Patients with CHD can have thoracic structural abnormalities that lead to restrictive pulmonary disease, and patients can also have obstructive upper airway breathing disorders,[@suz221-B48] so the ventilatory contribution to PH development should always be assessed by a pulmonologist.

Operability should be considered in patients with prevalent systemic-to-pulmonary shunting (Group B). Defect correction may prevent the development of Eisenmenger's syndrome (*Figure [1](#suz221-F1){ref-type="fig"}*); however, PAH after defect correction (Group D) is characterized by worse prognosis than uncorrected PAH-CHD (Group B).[@suz221-B43] Unfortunately, PAH after defect correction is not easily predictable and evidence-based criteria for defining operability are still lacking. Baseline PVR reflects the extent of PVD, and guidelines recommend its measurement to identify the appropriate therapeutic approach in Group B patients.[@suz221-B1] In adults, closure of prevalent systemic-to-pulmonary defects (Group B) should be considered when PVR is \<2.3 WU and PVR index is \<4 WU/m^2^.[@suz221-B1] Closure of defects is generally not indicated when PVR \>4.6 WU and PVR index is \>8 WU/m^2^; for patients with haemodynamic parameters between these values, PVR levels alone do not allow the identification of the appropriate treatment strategy.[@suz221-B1] Additional criteria should be taken into account when considering operability in patients with Group B PAH-CHD, including size and type of defect, patient age, PVR:systemic vascular resistance ratio, Qp:Qs ratio, genetic factors, and extracardiac syndromes (e.g. Down syndrome).[@suz221-B1] No prospective data are available on the utility of vasoreactivity testing with nitric oxide, closure test or lung biopsy for operability assessment.[@suz221-B1] The decision to repair any defect in patients with increased PVR should be made at tertiary centres with expertise in PAH-CHD, considering not just haemodynamic data but all clinical data available and the patient's medical history.

Medical management of patients with PAH-CHD is to an extent hindered by the fact that the four subgroups are not uniformly represented in randomized controlled trials (RCTs) of PAH-specific therapies. Trials of PAH-specific therapies have only been conducted in patients in Group A. Patients in Groups B and C are usually excluded from trials, and patients in Group D have been represented only as a population subgroup. These differences in patient enrolment are reflected in the ESC/ERS guidelines, which include recommendations specifically for Group A, and for PAH-CHD in general, but none specifically for Groups B, C, or D.[@suz221-B1] Consequently, treatment decisions in these groups are based on clinical experience and on cohort studies conducted in expert PH centres.[@suz221-B1]^,^[@suz221-B5]

Studies of bosentan (BREATHE-5)[@suz221-B2] and macitentan (MAESTRO)[@suz221-B3] have been performed in patients with Eisenmenger syndrome (Group A). The PHIRST study of tadalafil included patients with systemic-to-pulmonary shunts (Group B),[@suz221-B49] and a few patients from PAH-CHD Group C were enrolled in the EARLY study of bosentan.[@suz221-B50] The prostacyclin analogue treprostinil has also been investigated in a trial for which PAH-CHD patients (Group A or D) comprised ∼25% of the population.[@suz221-B51] A subgroup of patients with PAH after defect correction (Group D), typically \>10% of the trial population, have been included in several PAH-specific studies: SERAPHIN (macitentan),[@suz221-B24] AMBITION (ambrisentan plus tadalafil),[@suz221-B52] COMPASS-2 (sildenafil plus bosentan),[@suz221-B53] PATENT-1 and PATENT-2 (riociguat),[@suz221-B25]^,^[@suz221-B54] and GRIPHON (selexipag).[@suz221-B55]

Bosentan is recommended for patients with Eisenmenger syndrome,[@suz221-B1] based on findings from the placebo-controlled BREATHE-5 trial.[@suz221-B2] Patients in BREATHE-5 (*n* = 54) who received bosentan for 16 weeks had improved PVR index and exercise capacity compared with controls.[@suz221-B2] No improvement in exercise capacity relative to placebo was found in patients with Eisenmenger syndrome in the 16-week MAESTRO trial (*n* = 226) of macitentan, but MAESTRO enrolled a more heterogeneous patient population than did BREATHE-5.[@suz221-B3] No safety concerns were raised in MAESTRO, and exploratory analysis in a subgroup of 39 patients with simple atrial or ventricular septal defects found that levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) were reduced, and both PVR index and exercise capacity had improved relative to controls.[@suz221-B3] A retrospective study that compared patients with Eisenmenger syndrome receiving or not receiving PAH-specific therapy (bosentan, sildenafil, or epoprostenol) found a substantial unadjusted survival benefit associated with treatment (HR 0.16; *P* = 0.015).[@suz221-B56]

Owing to a lack of evidence for the effectiveness of pharmacological therapy in Group B patients, management focuses on preventing evolution to Group A by correcting defects when possible, or on regular monitoring in non-correctable patients. Despite the lack of evidence, many PAH centres utilize PAH-targeted treatments in non-correctable patients to prevent the development or the progression of obstructive remodelling of the pulmonary vessels. Due to poor prognosis in CHD patients who develop Group D PAH-CHD,[@suz221-B43] specialist clinicians should determine which patients will benefit from closure. Patients with small/coincidental defects in Group C are often treated the same as patients with IPAH, as the clinical picture is very similar other than for the defect, and prescribed PAH-specific therapies.[@suz221-B43] As noted above, patients in Group C are seldom enrolled in RCTs, but a small number of patients with small/coincidental defects were enrolled in the placebo-controlled EARLY study of bosentan, which demonstrated a significant reduction in PVR in the overall population.[@suz221-B50] All groups may benefit from non-pharmacological management strategies including psychological support, exercise advice, and lifestyle counselling, including family planning.

As noted earlier, several RCTs of PAH-specific therapies have included patients (\<10%) with PAH-CHD after defect correction (Group D) as a population subgroup, including RCTs investigating PAH-specific and combination therapies.[@suz221-B24]^,^[@suz221-B52]^,^[@suz221-B57] Analyses of the Group D subgroup in the GRIPHON study of selexipag[@suz221-B55] and overall in the SERAPHIN study of macitentan[@suz221-B24] both suggested reductions in the rate of morbidity/mortality compared with placebo. In GRIPHON (*n* = 110), the HR for morbidity/mortality on selexipag vs. placebo was 0.58 in Group D[@suz221-B55] and 0.60 in the overall population.[@suz221-B58] Overall HR for morbidity/mortality in SERAPHIN was 0.55 for macitentan 10 mg vs. placebo.[@suz221-B24] Improvements in exercise capacity, PVR, NT-proBNP, and WHO FC were demonstrated in the PATENT-1 study (*n* = 35) after treatment with riociguat for 12 weeks vs. placebo.[@suz221-B54]

Overall, the evidence from clinical trials supports the use of PAH-specific therapies in Group A and Group D patients, and this is reflected in the guidelines[@suz221-B1]. While there is limited evidence for the use of PAH therapies in Group C patients specifically, these patients are usually classified as having IPAH, for which there is abundant evidence on the efficacy of these therapies.[@suz221-B1] The lack of evidence for the use of PAH-specific therapies in Group B PAH-CHD patients should be addressed by enrolling subgroups of these patients in future clinical trials or real-world analysis.

Conclusion
==========

Screening to detect PAH and to initiate treatment as early as possible is important in both portal hypertension and CHD. Patients with PoPH or with PAH-CHD typically require lifelong PAH-specific treatment, although, in a small number of cases, PAH may be resolved completely as a consequence of organ transplant. There is evidence to support the use of PAH-specific therapy to improve haemodynamics before LT in PoPH, and to treat patients in PAH-CHD Groups A and D. Owing to the complexity of both PoPH and PAH-CHD, referral networks and multidisciplinary collaborations are essential for effective management of these patients.
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